There has been an increase in vitamin A fortification of livestock feeds resulting in increased residual vitamin A in organ meats, which are often used in canned dog foods. The effect on bone density of feeding various concentrations of vitamin A in a canned dog food product was investigated. Thirtytwo random-source dogs were assigned to four treatments in a randomized complete block design. The diets contained 15,000, 50,000, 116,000, or 225,000 IU vitamin A/1,000 kcal ME. Diets were fed up to 1 yr. Computed tomography was used to determine bone density of the right tibia at 0, 3, 6, 9, and 12 mo. Computed tomography is a more sensitive technique for determining bone density in vivo than conventional x-rays. There were no differences ( P > .1O) in tibia bone or marrow density in any of the dogs fed the various concentrations of vitamin A. There was no interaction of time × diet on bone density ( P > .05) or bone marrow density ( P > .05). In addition, there were no changes in serum alkaline phosphatase, calcium, or phosphorus. These results indicate that concentrations of vitamin A three times the recommended maximum safe amount (71,429 IU/1,000 kcal ME) are not detrimental to normal bone health in dogs. Therefore, these data support the hypothesis that canines are less sensitive to excess vitamin A in the diet than some other mammals.
Introduction
Even though the importance of vitamin A as an essential nutrient has been recognized for 75 yr, the dangers of overconsumption and possibility of resulting toxicosis have become a significant concern in canine health. In general, there is a paucity of data on hypervitaminosis A in canines, especially adult dogs. Previous reports by Maddock et al. (1949) and Cho et al. (1975) stated that growing puppies exhibited typical signs of hypervitaminosis A, including premature closure of the epiphyseal plate and osteoporosis of the diaphysis of the radius, ulna, tibia, and fibula. The effect of high concentrations of dietary vitamin A in the adult dog are unknown; however, reports of studies of humans and cats indicate that adult animals are also susceptible to vitamin A toxicosis (Hathcock et al., 1990; Goldman, 1992) .
The use of vitamin A in dermatology therapy of dogs and the inclusion of livestock by-products high in vitamin A in canned dog foods have raised concerns about subclinical, long-term vitamin A toxicosis. Reports by Parker et al. (1982) and Ihrke and Goldshmidt (1983) indicated that some dogs with seborrheic dermatitis responded positively to intense vitamin A supplementation; however, the long-term effect of this therapy has not been fully elucidated. Another area of concern is that the beef and pork liver and offal products used in canned dog foods are increasing in vitamin A content (Scotter et al., 1992) . The average vitamin A concentration in canned dog food found in Australia was 26,225 IU/1,000 kcal ME (Heanes, 1990) .
The objective of this study was to test the hypothesis that there are subclinical changes in bone density when dogs are fed diets containing high concentrations of vitamin A for long periods.
Materials and Methods
Animal Care and Management. Thirty-two adult random-source dogs were obtained from the University of Illinois College of Veterinary Medicine kennel and allotted to one of four diets based on weight and sex in a randomized complete block design (three Joseph, MO). Each dog was fed its assigned diet in a quantity designed to meet maintenance requirements as one meal each day. Dogs were weighed monthly and feed intake was adjusted every 2 mo to maintain body weight. Blood was drawn from the cephalic vein monthly. Serum alkaline phosphatase, calcium, and phosphorus were analyzed using colorimetric assays (Kone Progress Plus serum chemistry analyzer, Kone Corporation Instruments Division, Helinski, Finland). All samples were analyzed within 3 mo after collection. The CV were 4.53% for phosphorus, 2.3% for calcium, and 7.33% for alkaline phosphatase.
Computed Tomography. Computed tomography ( CT) was used instead of conventional x-ray technology because there is little superimposition of overlying structures with this technique and CT allows enhanced soft tissue differentiation (Hathcock and Stickle, 1993) . Also, CT can detect bone characteristics that may be unseen in conventional radiographs. Tjernstrom et al. (1992) found that CT scans were capable of showing more variations in remodeled bone that conventional radiographs. The mechanism of CT is similar to x-ray in that the x-ray and CT techniques are based on the premise that structures absorb or scatter x-ray beams in a characteristic manner based on the inherent properties of a particular tissue. The ability of a tissue to uniquely attenuate (scatter) or absorb the x-ray beam is called the linear attenuation coefficient of that tissue. This coefficient is measured and quantified in CT.
Computed Tomography Imaging. To monitor bone density, CT imaging was performed at 0 (baseline), 3, 6, 9, and 12 mo. Dogs were administered acepromazine (.05 mL/kg BW; H. Schein, Port Washington, NY) and atropine (.04 mL/kg BW; J. A. Webster, Sterling, MA) before anesthetization. Thiopental sodium (.18 mL/kg BW; Vetpo, Holland, MI) was administered to intubate the dogs, and anesthesia was maintained with halothane during the scanning procedure. Each dog was placed on the patient table in a supine position with the right hindlimb extended so the tibia was parallel to the plane of the table. When the leg was appropriately positioned, the distance between the most prominent point of the tibial crest and the most prominent part of the tuber calcis bone was measured. A mark was made at half of this distance to designate the center of the tibia. The leg was then supported with sponges and secured with cloth tape so it was horizontally level and parallel with the table. The patient table was then advanced into the gantry, where the mark was positioned in the center of th X, Y, and Z planes of the machine.
The slice thickness and slice interspacing were 1.5 mm. Slice thickness was determined by the collimator, which is housed in the gantry with an x-ray tube. The x-ray tube rotates 360°while emitting the x-ray beam. A scout image was taken to determine whether the tibia was positioned properly. Eleven 1.5-mm image slices were made, five proximal to the center mark, one centrally, and five distal to the mark. As the x-ray beams were directed at each slice location, attenuated beams were absorbed by detectors and converted to an electrical signal. This signal was then amplified and converted to a quantified number (linear attenuation coefficient). Each point (pixel) of the CT image represents a three-dimensional block of tissue called a voxel. The linear attenuation coefficient for each pixel was converted mathematically by the computer, resulting in a subsequent number assignment for each pixel. This number, called a CT number (or Houndsfield unit), represents the total x-ray attenuation of that voxel, and, therefore, the density of the tissue in that voxel. Each pixel is also converted to shades of gray or black and white depending on the linear attenuation coefficient; thus, the final computer image of a scanned slice has different degrees of brightness and contrast representative of different levels of density (Cann, 1988; Hathcock and Stickle, 1993) .
The CT computer is capable of detecting 32 to 64 shades of gray. A basic CT scale ranges from −1,000 (air) to +1,000 (cortical bone), with zero designated for water. This scale can be manipulated to attain the best possible image of all structures. The unit used in this study was equipped with an extended scale feature, which allowed the gray scale to be spread over a range of numbers from −4,000 (air) to +4,000 (cortical bone). This was advantageous when viewing bony structures because it allowed greater visualization of these tissues (Hathcock and Stickle, 1993) .
Quantification of CT Image and Statistical Analysis.
The mean density of the bone was determined for four cortical bone areas (cranial, caudal, medial, and lateral) and the medullary canal (bone marrow) for each slice (Figure 1 ). The Houndsfield units were obtained for each of the five areas by selecting a 1-mm 2 region of interest on the image and recording the Houndsfield units for that area. The mean Houndsfield units of these areas excluding the medullary canal were pooled to get a mean bone density per slice. All slice means for each imaging period were pooled to get an overall bone density for each dog at each time period. The means for the medullary canal for each dog at each imaging period were pooled to obtain an overall marrow density for each dog.
Statistical analyses were conducted using the GLM procedure of SAS (1989) . Multivariate repeated measured analysis was used to test time, time × diet, time × block, and time × diet × block. The procedure used has been described previously by Sticker et al. (1995) . As the data were analyzed, either the Wilks' Lambda or the Greenhouse-Geisser probability values were reported depending on the number of degrees of freedom available in the model.
Results
The mean tibia bone densities are listed in Table 2 . There was a time effect ( P = .003) but no time × diet ( P = .08), time × block ( P = .15), or time × diet × block effect ( P = .67) on tibia bone density for the 32 dogs at imaging periods 0, 3, and 6 mo. For imaging periods 9 and 12 with 16 dogs, none of the sources of variation was significant (time, P = .5; time × diet, P = .42; time × block, P = .65; time × diet × block, P = .74).
Mean marrow density values are reported in Table  3 . None of the sources of variation was significant for imaging periods 0, 3, and 6 mo (time, P = .12; time × diet, P = .84; time × block, P = .26; time × diet × block, P = .58) or for imaging periods 9 and 12 mo. One dog given 225,000 IU vitamin A/1,000 kcal ME treatment had an altered marrow value at the 6-mo time period, which indicated mesenchymal cell differentiation. However, when combined with the values from the other seven dogs on this diet, there was no significant change in marrow density.
Serum alkaline phosphatase, calcium, and phosphorus concentrations are listed in Table 4 . There were no differences in any of the serum chemicals analyzed ( P > .10). Maddock et al. (1949) , using levels of vitamin A previously shown to cause fracture of long bones in guinea pigs in 12 to 16 d (Wolbach, 1947) , determined that there was abnormal bone growth when excess vitamin A was administered to growing puppies. They reported thinner cortices, narrower epiphyseal lines, and decreased fibula width and density in their pups. Cho et al. (1975) fed or injected 2-mo-old puppies with 100,000 to 200,000 IU/kg·BW −1 ·wk −1 of vitamin A. After 10 wk, they orally administered 300,000 IU/ kg daily to two dogs for 88 d. They reported decreased length and thickness of long bones. Premature closure of the epiphyseal plate and osteoporosis of the diaphysis of the radius, ulna, and fibula were observed.
Discussion
In contrast to the previous studies cited, adult dogs were used in this experiment. The average intake of vitamin A in IU per day for diets 1, 2, 3, and 4 was 19,000, 56,000, 150,000, and 280,000, respectively. Because the dogs on this study were not growing, the effect of vitamin A excess on premature epiphyseal plate closure could not be monitored. However, the effect of excess vitamin A on tibia diaphysis density was closely examined. Marrow density was monitored to determine whether bone remodeling was occurring. There were no changes in tibia density, nor were there changes in marrow density at any time period or for any diet. Frier et al. (1974) described thinner cortices in 6 of 13 radii from hypervitaminotic adult goats, but when the treated goats were compared to the controls, the statistical difference was minimal. Based on the work by Frier, we hypothesized that there would be osteoporosis of the diaphysis in the dogs fed excess levels of vitamin A. In addition, work by Wolbach (1947) suggested that extremely high levels of vitamin A caused spontaneous fractures of the long bones in guinea pigs and rats. There was no evidence of these changes in our study, with the exception of one anomaly in bone marrow density.
One dog fed the highest vitamin A level had a positive marrow density value, which could have been indicative of new bone growth due to a spontaneous fracture of the tibia. Because the time period between scans was 3 mo, it is possible that other dogs on the study had hairline fractures that healed between scanning periods and, therefore, were unseen. However, no signs of lameness were observed in any of the dogs. Hence, the possibility that spontaneous fractures occurred and were undetected exists but is not likely.
Several reports have indicated that dogs differ from other animals in the metabolism of vitamin A. Maddock et al. (1949) concluded that there was evidence of a possible decreased susceptibility to excess vitamin A in dogs, and that the dog's mechanism for adjusting vitamin A may not be as delicately balanced as that of rats or humans. Cho et al. (1975) suggested that dogs are less susceptible to large doses of vitamin A than other animals based on their slowness to show classic signs of vitamin A toxicosis. Schweigert et al. (1990) stated that dogs are different from other animals with respect to their vitamin A circulation and elimination. They reported that most species in the order Carnivora have unusually high concentrations of plasma vitamin A due to a high percentage of circulating retinyl esters (mainly retinyl stearate and palmitate). In fact, dogs and other canines show no signs of intoxication at nonspecific vitamin A lipoprotein levels that would produce severe toxicosis in humans and rats. Schweigert et al. (1991) reported that canines are also unique in that they can excrete vitamin A in two forms, retinol and retinyl palmitate, via urine under normal physiological conditions. Work in our laboratory has verified that dogs do indeed have high levels of circulating retinyl esters in their blood (Cline et al., 1995) . In addition, concomitant work in our laboratory has confirmed the presence of retinyl esters in dog urine (unpublished data).
It is possible that dogs' ability to be unaffected by extremely high concentrations of vitamin A in the diet is related to their unusual circulation and elimination of vitamin A. This characteristic vitamin A metabolism may explain in part why there were no changes in tibia bone or marrow density in this study.
Implications
Dogs can consume large amounts of vitamin A when fed canned dog food. However, there have been no reports of clinical hypervitaminosis A in these dogs. The purpose of this experiment was to test the hypothesis that there were subclinical changes in bone density when dogs were fed large amounts of vitamin A. There was no detectable bone density loss when dogs were fed up to 225,000 IU of dietary vitamin A/ 1,000 kcal for 1 yr. This supports the increase in the Association of Feed Control Officials maximum for dietary vitamin A to 71,429 IU/1,000 kcal ME.
